Inspired by the unique shape of a Barchan dune to prevent sand particles on the ground from being blown away by the oncoming airstream, we proposed a Barchan-duneshaped injection compound (BDSIC) for film cooling. Similar as the sand particles settling down on the ground behind the dune, the coolant streams exhausted from the BDSIC would be able to cover on the surface of interest more widely. The film cooling performance behind the BDSIC had been studied experimentally for a single 35 degree angled hole on a flat plate using the PSP and PIV techniques. The effects of dune shape (shorted, normal, and elongated dune), mass flux ratio (M=0.6, 0.9, 1.2, 1.5), density ratio (DR=0.97, 1.5, 2.1), and hole interaction on the film cooling effectiveness were studied in great detail. It was found that the BDSIC configurations can significantly enhance the film cooling effectiveness of baseline for all test conditions, especially the BDSIC with elongated dune. In addition, the aerodynamic loss study revealed that the turbulent mixings of the BDSIC between jet and mainstream were largely alleviated at relative high mass flux ratios. All in all, the BDSIC concept exhibits the merits from both Barchan dune and ideal tangential slot, demonstrated an enhanced cooling effectiveness with less aerodynamic loss.
I. INTRODUCTION
O continue improving the thermal efficiency and power output of the modern gas turbines, it is necessary to further enhance the turbine inlet temperatures while reducing the amount of cooling gas. Therefore, means to protect the blades from corrosion and melting are indispensable for sustainable operation, especially the implementation of the film cooling technique. The idea of film cooling is to build a thin film on the blade surface by injecting coolant into cross-flow to prevent it from direct hot gas exposure, hence increasing their working hours. A practical issue is to reduce the coolant flow rate while provide the necessary cooling, which requires substantial investigations to understand the inherent physics of film cooling and optimize the film cooling configurations. Many new film cooling holes and concepts have been proposed recently to address this issue.
Film cooling studies of using slots, typically not practical in gas turbine, were summarized clearly by Goldstein 1 . Utilization of discrete holes for film cooling is a more realistic option in real gas turbine. There is a large number of experiments focused on the discrete holes, especially the basic film-cooling geometry: a row of circular holes on a flat plate [2] [3] [4] . This geometry allows for the study of jet lift-off and counter rotating vortex (CRV) pairs, which is probably the most widely used configuration for turbine film cooling. Besides the circular holes, the exploration of shaped holes are one of the long lasting research topics in film cooling. Bunker 5 provided a decent literature overview of published film-cooling shaped holes. Goldstein et al. 6 firstly reported a remarkable increment of film cooling performance by using fan-shaped holes, where the hole was similar to a diffuser that the momentum of jet was reduced at the breakout of test plate. Similar results were obtained by Schmidt et al. 7 , who studied a compound angle shaped hole. Heidmann et al. 8 and Dhungel et al. 9 introduced an anti-vortex hole concept that aimed to reduce the strength of CRV pair. Their measurements showed augmented film cooling effectiveness at certain hole orientation. Sargison et al. 10 demonstrated an enhanced cooling performance and lower aerodynamic loss for a console-shaped hole. Other ideas such as trenched holes (Bunker . Similar as the sand particles settling down on the ground behind the dune, the coolant streams exhausted from BDSIC will be able to flow over the surface of interest more steadily to provide a better film cooling protection to the surface. Furthermore, the shape of Barchan dune is also found to be able to minimize the friction loss of the airstream flowing over the dune.
Therefore, an experimental study was conducted to evaluate the film cooling performance of the BDSIC with different dune geometries, in comparison to the conventional circular hole as the baseline. In the present study, a high-resolution Particle Image Velocimetry (PIV) system was used to conduct detailed flow field measurements to understand the dynamic mixing process between the coolant stream and the mainstream flows behind the BDSIC. Pressure Sensitive Paint (PSP) technique was used to map the corresponding adiabatic film cooling effectiveness on the surface of interest based on a mass-flux analog to traditional temperature-based cooling effectiveness measurements. The effects of geometrical parameters, mass flux ratio, density ratio, and hole interaction of the BDSIC on the film cooling effectiveness were examined in great detailed based on the quantitatively PIV and PSP measurements. The detailed PIV flow field measurements were correlated with the adiabatic cooling effectiveness maps to reveal inherent physics in order to optimize/explore design paradigms for improved film cooling effectiveness to protect the crucial components of turbine blades from harsh environments.
II. EXPERIMENTAL SETUP AND TEST MODEL

A. Experimental model and test rig.
The experimental studies were conducted in a low-speed, open-circuit wind tunnel located at the Department of Aerospace Engineering of Iowa State University. The tunnel has an optically-transparent test section with a cross section of 200 mm×125 mm and is driven by an upstream blower. With honeycombs and screen structures installed ahead of contraction section, the tunnel can supply uniform low-turbulence oncoming flow into the test section. The turbulence intensity of the mainstream airflow in the test section was found to be about 1.5%, as measured by using a hotwire anemometer.
In the present study, all test models including the test plate and dunes were made of hard ABS-like plastic material and manufactured by a rapid prototyping 3D-printer that built the models layer-by-layer with a resolution of about 25 microns. Figure 1 (a) shows the Barchan-dune-shaped injection compound (BDSIC) film cooling configuration, where the dune was affixed on the surface of the test plate by using a layer of 80 µm-thick double sided tape. For the circular hole case, everything remained the same except for the removal of the dune and cleaning of the tape adhesive residue. The coolant stream was injected through a single cylindrical holes with D=12mm diameter at an injection angle of 35° relative to the upper surface of the flat test plate. The entry length of coolant American Institute of Aeronautics and Astronautics hole is 2.5D. The inlet and outlet of hole was sharp edged, and interiors was smoothed using sand paper. The test plate was mounted on a plenum chamber (115 mm ×115 mm ×90 mm) and sealed by a thin latex rubber gasket. The pressure inside plenum was monitored by four pressure taps installed at each face.
Figure 1 (b) shows the detailed dimensions of the hollowed Barchan dunes used in present study. There are three types of dunes including the shorted dune, normal dune, and elongated dune. The height of dune is H=0.6D, and the wall thickness of model is 0.1D at the peak location. The normal dune herein is the standard for other two models, which was generated from a stereoscopic topographic map of idealized Barchan dune 20, [22] [23] [24] . The curvature of model shape truthfully reflects the curvature of dune encounter in deserts 20, [22] [23] [24] . Also the dimensions of the normal dune fall within the range of published data found in natural environments. The shorted dune was obtained by reducing the horn length of normal dune to 1.3D, while other dimensions remained the same. Similar for the elongated dune only the front part of normal dune was extended from 1.35D to 2D to ensure fully cover of circular hole. The hollowed dune models were generated by cutting off an extra Barchan-dune-shaped part from the base of original models, in order to form dune-shaped injection to further lower the aerodynamic loss. Also the morphology of hollowed parts were carefully manipulated to maintain a same exit area with the circular hole. The exit of dune can be approximately viewed as a semi-ellipse with 2D major axis and 1D minor axis. All these models were built by the lofting command through Solidworks along a series of parabolic guidelines (obtained from scaled-down dune), which has a smooth surfaces in the windward side (convex face). It is worth noted that the coolant stream in BDSIC is designed to tangentially inject into the mainstream flow in order to minimize the turbulent mixing within shear layers. Therefore the front part of BDSIC can be cooled intensively by the impingement cooling, while film cooling can be used for the rear part. Figure 2 shows the schematic of the PSP experimental setup used in the present study. A constant UV light (LM2X-DM, ISSI) with wavelength of 390 nm was used as the excitation source for the PSP measurements. A 14-bit (2048 pixel × 2048 pixel) charge-coupled device (CCD) camera (PCO2000, Cooke Corp.) fitted with a 610 nm long-pass filter was used to records the intensity of the photoluminescence light emitted by excited PSP molecules. The PSP paint used in the study was Uni-FIB provided by ISSI. This type of paint has a low sensitivity to temperature variation (~0.5%/ • C) making it an ideal candidate for the study. The tests were conducted in a place (~22 • C) where the temperature fluctuation was kept to a minimum. During the experiment, the mainstream flow from the wind tunnel was to simulate the hot gas flow in a typical turbine stage. The test section had a constant speed of 25 U   m/s in the study. The coolant jet flow, supplied by pressurized gas cylinder (99.99% purity), passed through control valves to enter the plenum chamber. In the present study, the N 2 , CO 2 , and mixture of SF 6 and CO 2 were chosen to study the density ratio effects on film cooling effectiveness to simulate the temperature American Institute of Aeronautics and Astronautics differences between hot gas and coolant stream in real engine. The corresponding density ratios ( c DR    ) were 0.97, 1.53 and 2.1 respectively. A two-in.-wide 32 grit sand paper was employed at the leading edge of test section (i.e., 12D distance upstream of coolant hole) to trip the oncoming boundary layer to ensure a fully developed boundary layer flow over flat plate. The boundary layer profile was measured immediately upstream of the coolant holes (with no coolant flow), and was determined to resemble a fully-developed turbulent boundary layer with thickness of δ 99 ≈0.72D, momentum thickness θ≈0.08D (corresponding Re θ ≈1.5K), and shape factor 1.33. The experiment was performed at mass flux ratios (
) ranging from 0.3 to 1.5. 
where T ∞ is the temperature of the main-stream, T aw is the adiabatic wall temperature of the surface under inspection, and T c is the hole exit temperature of the coolant stream. In the present study, the film cooling effectiveness was measured by using pressure sensitive paint (PSP) technique 25 rather than conducting temperature-based measurements on the surface of interest (such as using thermocouples, liquid crystal thermometry, infrared thermography, or temperature sensitive paint). The PSP technique is based on mass transfer analogy, which is free from heat conduction related errors encountered in nonisothermal experiments. When the value of the Lewis number (Le = α/D s ) is about 1, the thermal boundary layer and concentration boundary layer thickness are of the same order. Therefore, the differential equations regarding heat and mass transfer can be treated as analogous 26, 27 , which is the case for present study (Le≈1).
In order to perform the PSP experiments, the surface of interest was coated with an oxygen-sensitive layer of paint. This paint consists of luminophores molecules held together through gas-permeable polymeric binder. When excited by certain UV light, the luminophores molecules in PSP paint will emit light. However, the excited molecules may return to ground state via a reduced or radiationless emission in the presence of oxygen molecules. This process is called oxygen quenching 25 , where the intensity of the photoluminescence is inversely proportional to the concentration of local oxygen. Consequently, the concentration of oxygen against the interested surface can be calculated by recorded light intensity through the using of calibrated curve. Applying the concentrations of oxygen rather than the temperature into Eq. (1), the adiabatic cooling effectiveness can be expressed as Eq. (2), as described by Charbonnier et al 28 , where DR is the density ratio. oo air mix wall
The pressures in Eq. (2) can be computed using the recorded intensity of emission light, which is directly related to the partial pressure of oxygen. The mathematic function between normalized intensity and partial pressure can be obtained through a dedicated PSP calibration process. Detailed information on how to perform PSP calibration can be found in references 29, 30 .
For the PSP image processing, in order to reduce the effects of camera noise on the measurements, spatial averaging was performed in the present study on square interrogation windows of 9×9 pixels with 50% overlap to ensure complete sampling of the measurement data. The acquired PSP images have a magnification of 0.085 mm/pix, which results in a spatial resolution of 0.34 mm or 0.03D for the PSP measurement results. The measurement uncertainty for the centerline effectiveness in present study was estimated to be on the order of 3% for 0 
C. Flow field measurements using the PIV and stereoscopic PIV (sPIV) technique.
A high-resolution PIV system was used to conduct detailed flow field measurements to quantify the dynamic interaction and mixing processes between the coolant and mainstream flows over the test plate. Figure 3 shows the schematic of the experimental setup for the PIV measurement. During the experiment, the mainstream airflow and the cooling jets were seeded with ~1 µm oil droplets generated by a theatrical fog machine and an oil droplet generator, respectively. Illumination was provided by a double-pulsed Nd:YAG laser (NewWave Gemini 200) adjusted on the second harmonic and emitting two pulses of 200 mJ with the wavelength of 532 nm at a repetition rate of 5 Hz. Using a set of high-energy mirrors and optical lenses, the laser beam was shaped into a thin light sheet with a thickness in the measurement interest of less than 1 mm. The illuminating laser sheet was first aligned along the mainstream flow direction, bisecting the coolant hole in the middle of the test plate, to conduct PIV measurements in the X-Y plane. The laser sheet was then rotated 90 degrees to reveal the flow structures in the cross plane normal to the mainstream direction to perform sPIV measurements in the Y-Z planes at several locations downstream of the coolant exits.
For the sPIV measurements in the Y-Z planes, two high resolution 14-bit (2048 pixel × 2048 pixel) highresolution CCD cameras (PCO2000, Cooke Corp.) were used for the sPIV image acquisitions. The two cameras were placed downstream of the test plate, with an angular displacement configuration (~45 degrees) to get a large overlapped view. With the installation of tilt-axis mounts, laser illumination plane, the lenses and camera bodies were adjusted to satisfy the Scheimpflug condition. The CCD cameras and double-pulsed Nd:YAG laser were both connected to a Digital Delay Generator (Berkeley Nucleonics, Model 565), which controlled the time interval of the lasers and image acquisition. A general in-situ calibration procedure was conducted to obtain the mapping functions between the image planes and object planes for the sPIV measurements. A target plate (~150 × 100 mm 2 ) with 0.5 mm-diameter dots spaced at intervals of 1.0 mm was used for the in-situ calibration. The mapping function used in the present study was a multi-dimensional polynomial function, which is fourth order for the directions parallel to the laser illumination plane (i.e., Y and Z directions), and second order for the direction normal to the laser sheet plane (i.e., X direction). The coefficients of the multi-dimensional polynomial were determined from the calibration images by using a least-square method. For the PIV image processing, instantaneous PIV velocity vectors were obtained by using a frame-to-frame cross-correlation technique with an interrogation window size of 32 pixels ×32 pixels. An effective overlap of 50% of the interrogation windows was employed in PIV image processing, which results in a spatial resolution of 0.7 mm (0.06D) for the PIV measurement results. Similar process methodology was used for sPIV image processing, except a recursive interrogation window size changing from 64 2 pixels to 32 2 pixels was utilized for the sPIV processing to acquire the two-dimensional instantaneous velocity vectors. The acquired instantaneous vectors were then used to reconstruct all three components of the velocity vectors in the laser sheet planes through the mapping functions obtained by the calibration procedure. After the instantaneous velocity vectors ( 
III. Results and discussion
The reliability of the PSP technique as an effective experimental tool for turbine blade film cooling had been validated through a series of comparisons in previous work 19, 30 , using the PSP measurements against those derived directly from temperature-based measurements. The general trend of PSP results were consistent with the archived film cooling results. Therefore, PSP technique is a suitable method to study the film cooling effectiveness in the present study.
A. Effect of dune shape on film cooling effectiveness.
The film cooling performance of three types of BDSICs were examined in great detail in comparison with circular hole to study the dune shape effect on film cooling. Figure 4 shows the spatial distribution of film cooling effectiveness for (a) circular hole, (b) BDSIC with shorted dune, (c) BDSIC with normal dune, and (d) BDSIC with elongated dune, respectively. As shown clearly in Figure 4 , the film coverages of BDSICs were found to be more uniform and wider than the circular case in general for all test conditions. For the case where M=0.6, though the circular hole was found to exhibit a decent film coverage, indicating the coolant remained attached on the surface, the BDSIC cases demonstrated an even higher spatial distribution than baseline with the help of hollowed dune. Increasing the mass flux ratio to 0.9 and 1.2, the contours of circular hole became narrower and shorter. It manifests the high momentum jets could have separate from the test surface. On the contrary, the film coverages of BDSIC cases, which were significant higher than circular hole, were found to keep increasing as the mass flux ratio increased. Also, it is obvious that the BDSIC with elongated dune presented the best spatial distribution.
More quantitative information of cooling performance can be found in Figure 5 , which shows the detail comparisons of film cooling effectiveness between circular hole and BDSICs, where the lateral averaged effectiveness was computed over a domain of -1.5<z/D<1.5. It is obviously that both the centerline and lateralaveraged effectiveness of BDSICs were found to be much higher than that of circular hole, especially for high mass flux ratio cases. This is because the circular jet tends to take off from the plate and penetrates into the freestream as the jet momentum increases. As for the BDSICs, the inclined jet would be, however, suppressed down by the dune cover and spread uniformly on the test plate, resulting in significantly higher effectiveness than circular hole.
Analyzing the results of all cases, the BDSIC with elongated dune was found to demonstrate the highest cooling performance, followed closely by normal and shorted dune. For the BDSIC film cooling, the coolant stream would first bleed out of the circular tube, then impinge on the dune cover, and tangentially inject into the mainstream flow.
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During this process, the length of dune cover is a critical parameter that affects the coolant jet behavior. A dune with longer cover would be able to completely prevent the separation of coolant jet from surface, otherwise a small part of gas could escape from the cover and pierce to the cross-flow, resulting in reduced cooling performance. Therefore the BDSIC with elongated dune is able to provide an enhanced effectiveness than other two dunes.
In general, the BDSIC with elongated dune can greatly improve the cooling effectiveness of circular hole, which has an augmentation of over 30%, 150%, and 500% in lateral effectiveness at M=0.6, 0.9, and 1.2 respectively. From now on, all of the BDSIC configuration represents the elongated dune case in present paper. As described above, a high-resolution PIV system was used in the present study to conduct detailed flow field measurements to reveal the dynamic interactions between the mainstream and coolant stream ejected from BDSIC in comparison to that of cylindrical hole, where the laser sheet was aligned along the middle plane of coolant hole (i.e., X-Y plane as shown in Fig.3 ). Figure 6 shows the PIV measurements for circular hole and BDSIC with elongated dune at M=0.9, where the carbon dioxide was used as coolant and the corresponding velocity ratio ( / c UU  ) was 0.6. The measured PIV results are in the terms of instantaneous vorticity, ensemble-averaged velocity field, and normalized in-plain TKE (  
u v U  
).
As shown clearly in Fig. 6 (a) , a series of unsteady vortex structures were found to be generated and shed periodically from the interface of jet and cross-flow. It indicates that the coolant jet was mixed intensively with the mainstream flow, which would dilute the potential of coolant as a heat sink to lower the mean temperature of turbine blade. Due to the velocity shear between the coolant and mainstream flows, packets of Kelvin-Helmholtz vortices would be generated within the turbulent shear layer, shedding from either coolant exit or the crest of Barchan dune and dissipating in stream-wise direction. In Fig. 6 (b) , it is obviously that the circular coolant jet was found to lift off from the test plate and penetrate into the mainstream, however, the elongated BDSIC jet was found to tangentially inject out of dune and remain on the surface as designed. It reveals that the film cooling effectiveness of BDSIC should be much higher than circular hole at M=0.9, which is consistent with the PSP measurements discussed in Fig.  5 . It is well-known that a coolant jet would take off from the surface if its momentum is sufficient to overcome the resistance from cross-flow. It is what happed in circular hole at M=0.9. With the help of hollowed dune, the inclined jet would be, however, bent to level as it impinges on the dune, leading to the attachment of coolant stream. Therefore the BDSIC configuration can greatly enhance the coolant coverage of original hole, especially for higher momentum cases. Turbulence kinetic energy (TKE), as an index to evaluate the level of the fluid mixing, is an important turbulent quantity that can be applied to reflect the extent of heat transfer process. The heat transfer process pertinent to film cooling is closely related to the magnitude of TKE. A jet-in-cross-flow characterized with high TKE in turbine engine could lead to enhanced heat transfer between hot gas and engine parts. Fig. 6 (c) shows the comparison of normalized in-plain TKE distribution between circular hole and BDSIC film cooling. As shown clearly in the figure, there was a drastic increase of in-plain TKE level at the near hole region of circular hole, then decreased gradually as flow moved downstream. But, the BDSIC case avoided the severe flow interaction at the exit of hole. Due to the appearance of dune, the coolant stream was guided tangentially into the cross-flow, where the turbulent mixing within them was greatly alleviated. Also, the in-plan TKE distribution of BDSIC film cooling was found to be a bit lower than that of circular hole at the surface of interest, especially for the near hole region. Thus, the convective heat transfer coefficient in BDSIC might be lower than circular hole due to the weaker TKE level in the wake. In general, the BDSIC film cooling configuration could improve the film cooling effectiveness without enhancing the in-plain TKE level of circular hole.
C. Influence of mass flux ratio.
To study the influence of mass flux ratio on film cooling effectiveness, a series of PSP experiments were conducted at M=0.6, 0.9, 1.2, and 1.5, respectively. As revealed clearly in Fig. 7 , both the centerline and lateralaveraged effectiveness of BDSIC were found to keep increasing as the mass flux ratio increase. With the assistance of dune cover, the coolant jet from BDSIC, unlike traditional cooling holes, would stay attached on the surface despite its momentum augmentation, which is a crucial feature for fluctuated coolant supply condition in real engine. And the results also reveal that the enhanced ratio of effectiveness was found to be smaller at higher mass flux ratio. Though an increase in mass flux ratio would improve the amount of coolant gas, but this beneficial effect is counteracted by a more rapid rate of mixing between the coolant and cross-flow, which results in larger amount of mainstream gas entrainment. The net result is that the effectiveness becomes less sensitive to the mass flux ratio. Also, this phenomenon is partially attributed to the insufficient length of dune cover. In fact, a small part of the coolant was found to inject into the cross-flow at high M and interact with it at the exit of dune. Therefore, further improvement of BDSIC film cooling can be achieved by the extension of dune length. American Institute of Aeronautics and Astronautics Figure 8 shows the influence of density ratio on film cooling effectiveness between the circular hole and BDSIC at M=0.9. The desired density ratios (DR=0.97, 1.53, and 2.1) were achieved by using N 2 , CO 2 and mixture of SF 6 and CO 2 , respectively. As revealed in Fig. 8 , the effectiveness of circular hole was found to increase with the increasing of density ratios, similar to published results 4 . At fixed mass flux ratio, the jet momentum is higher for a lighter coolant, leading to jet detaching and lower effectiveness, vice versa, thus denser coolant tends to stay closer to the surface. But, the effectiveness of BDSIC changed greatly that all cases exhibited a similar behavior, indicating a weak dependent upon the density ratio. Due to the appearance of dune cover, the coolant jet would hit the inner surface and inject tangentially into the cross-flow disregarding the density difference, resulting in close effectiveness. Closely inspecting the profiles in Figure 8 , the BDSIC configuration exhibited a slightly increasing effectiveness in the near hole region, while decreasing in the far field range, as the density ratio increased. As discussed above, the jet momentum of high-density coolant is lower, which causes the coolant to stay closer to the surface in the near hole region, whereas the amount of gas used to cool the downstream will be less compared to a low-density case. This is the reason why these profiles were shifted in the far field region. Since similar phenomenon can be observed for M=0.6 case, only M=0.9 case is shown here for conciseness. 
E. Hole interaction effect on film cooling.
In order to explore the hole interaction effect on film cooling, a PSP measurement was performed over a single BDSIC and an array of BDSICs respectively, shown in Figure 9 . The BDSIC array is consist of three identical dunes and the span-wise pitch is 3D between these holes. Up until now, all of the BDSICs discussed above are single dune. As shown in Figure 9 , it is interesting that the centerline effectiveness of single BDSIC was found to be slightly higher than that of BDSIC array, while lateral-averaged effectiveness was lower. This phenomenon is caused by the 'Coanda effect'--a jet tends to be attracted to the nearby objects. Since the physical distance between dunes is small, the middle jet was attracted by the adjacent streams to spread wider over the surface, leading to a higher lateralaveraged effectiveness but lower centerline values. This process can be seen clearly in the lateral effectiveness distributions shown in Figure 9 (e) & (f), which were obtained by extracting the cooling effectiveness of M=0.6 and 0.9 at X/D=6 and 10, respectively. 
F. Aerodynamic loss.
The aerodynamic loss coefficient was studied to yield some insight into the nature of loss generated in the BDSIC film cooling. There are varieties of methods to calculate the aerodynamic loss, such as using thermodynamic loss, entropy loss, total pressure loss, and so on. Please refer to the review paper by Ligrani 34 for more information. Based on total pressure deficit, Lee et al. 35 investigated the aerodynamic loss of compounded film-cooling jet. But, this method fails to deliver the actual net aerodynamic loss in film cooling since the energy from coolant jet doesn't take into account. To account for the coolant total pressure to mainstream, the aerodynamic loss in present study was computed using kinetic energy loss method (Eq. (6)) proposed by Sargison 10 , which provides a more realistic picture of the aerodynamic penalty incurred by film cooling. It should be noted that the coolant used here is air (DR=1). There were four pressure taps around the plenum that used to monitor the total pressure of jet. And the wall pressure downstream was measured by a row of pressure taps. Performing kinetic energy balance in a defined control volume (-2D<x<10D, 0<y<2.5D, and-3D<z<3D), the aerodynamic loss could be acquired by computing the energy difference between in and out within the cubic. The measurement uncertainty is estimated to be within10%. 
where A is the area of cross-section located 10D downstream (15D 2 );  is the density of mixed gas downstream; 2 v is the velocity downstream (bulk velocity was used here); P 2 is the wall pressure downstream; m m is the mainstream mass flow rate; P om is the freestream total pressure; and P oc is the coolant total pressure. Figure 10 illustrates the aerodynamic loss coefficient as a function of mass flux ratio for the circular hole and single BDSIC cases. For the circular hole, the mixing loss, including the penetration and boundary layer mixing, is one of the major losses encountered in film cooling. It is similar for BDSIC film cooling except the additional profile loss generated by the dune, which is about 3.5% with coolant off. As shown clearly in Figure 10 , the aerodynamic loss of circular hole was found to be slightly lower than the BDSIC at first, but gradually caught up and surpassed BDSIC at about M=1.3. If subtracts the profile loss from the BDSIC cases, the mixing loss of circular hole was found to exceed the BDSIC as M>0.9. At low mass flux ratio, such as M=0. 6 , the boundary layer mixing loss is the primary loss since both jets stay on the surface. Due to the wider film coverage in BDSIC, the mixing loss of BDSIC is slightly higher than the circular hole. However, the flow feature changed dramatically as the coolant momentum continue increasing. The coolant jet from circular hole was found to lift off and penetrated into the mainstream flow at high blowing ratios, but it remained on the surface with the assistance of dune cover, shown in Fig. 6 . Therefore the loss generated by the penetration process in circular hole, which is directly proportional to the strength of jet momentum, was greater than that of the BDSIC configuration. 
IV. Conclusion
An experimental study was performed to examine the film cooling performance of proposed Barchan-DuneShaped Injection Compounds (BDSIC). The Pressure Sensitive Paint (PSP) technique was used to measure the adiabatic film cooling effectiveness on the surface of interest, while a high-resolution PIV system was used to conduct detailed flow field measurements to reveal the underlying physics pertinent to film cooling. The effects of dune shape (shorted, normal, and elongated dune), mass flux ratio (M=0.6, 0.9, 1.2, 1.5), density ratio (DR=0.97, 1.5, 2.1), and hole interaction on the film cooling effectiveness were studied in great detail based on quantitative PSP and PIV measurements. In addition, the aerodynamic loss coefficient was studied to uncover the nature of loss generated in BDSIC film cooling.
It was found that the BDSIC configurations can significantly enhance the film cooling performance of circular hole for all test cases, especially the BDSIC with elongated dune. Comparing to the circular hole, there are over 30%, 150%, and 500% gain in lateral effectiveness for BDSIC with elongated dune configuration at M=0.6, 0.9, and 1.2 respectively. Investigation of flow physics using PIV showed continual suppression on the coolant stream leaded to American Institute of Aeronautics and Astronautics a stable and uniform coolant coverage, whose function is similar to a tangential slot. Unlike traditional cooling holes, the effectiveness of BDSIC was found to keep increasing as the mass flux ratio increase.
It is well-known that the density ratio has a great effect on the film cooling performance. However, the BDSIC exhibited a weak dependent upon the density ratio. Due to the appearance of dune cover, the coolant jet would hit the inner surface and eject tangentially into the main flow disregarding the density difference, leading to a close cooling performance. As for the hole interaction effect, the BDSIC array showed slightly enhanced lateral-averaged effectiveness than single dune, which is caused by the 'Coanda effect'. In addition, the aerodynamic loss coefficient was calculated using kinetic energy loss method. Though the BDSIC configuration displayed augmented loss at first, the circular hole gradually caught up and exceeded BDSIC at high mass flux ratio. Detailed analysis showed that the loss generated by the penetration in circular hole was much larger than the BDSIC configuration. With the help of dune cover, the turbulent mixing between jet and mainstream was greatly alleviated.
All in all, the BDSIC configuration is a hybrid of Barchan dune and tangential slot film cooling, which inherits the merits from both dune and ideal slot, and be able to produce a greatly enhanced effectiveness with less aerodynamic loss at high mass flux ratio. This innovative design provides a promising solution for film cooling with self-cooling ability that the front part of BDSIC can be cooled intensively by impingement cooling, while the tail part by film cooling.
